The influenza virus NS1 protein inhibits the splicing of the major class of mammalian pre-mRNAs (GU-AG introns) by binding to a specific stem-bulge in U6 snRNA, thereby blocking the formation of U4/U6 and U2/U6 complexes. The splicing of the minor class of AT-AC introns takes place on spliceosomes that do not contain U6 snRNA, but rather U6atac snRNA-a highly divergent U6 snRNA counterpart. Nonetheless, we demonstrate that the NS1 protein inhibits AT-AC splicing in vitro, and specifically binds to only U6atac snRNA among the five minor class snRNAs. Chemical modification/interference assays show that the NS1 protein binds to the stem-bulge near the 39 end of U6atac snRNA, encompassing nt 82-95 and nt 105-114. Although the sequence of this stem-bulge differs significantly from the sequence of the stem-bulge to which the NS1 protein binds in U6 snRNA, RNA competition experiments indicate that U6 and U6atac snRNAs likely share the same binding site on the NS1 protein. Previously, the region of U6atac snRNA containing this 39 stem-bulge had not been implicated in any interactions of this snRNA with either U4atac or U12 snRNA. However, as assayed by psoralen crosslinking, we show that the NS1 protein inhibits the formation of U12/U6atac complexes, but not the formation of U4atac/U6atac complexes. We can conclude that the inhibition of AT-AC splicing results largely from the inhibition of formation of U12/U6atac complexes caused by the binding of the NS1 protein to the 39 stem-bulge of U6atac snRNA.
INTRODUCTION
Most eukaryotic pre-mRNAs contain 59 and 39 splice sites that conform to the GU-AG consensus (reviewed in Sharp, 1994) . Splicing of these pre-mRNAs occurs on spliceosomes containing the U1, U2, U4, U6, and U5 snRNAs. During splicing, these snRNAs undergo interactions with the pre-mRNA and with each other (reviewed in Nilsen, 1994) . U6 snRNA plays a central role. Initially, it is in the form of a hydrogen bonded complex with U4 snRNA. Subsequently, after dissociation from U4 snRNA, U6 snRNA interacts with the 59 splice site of the pre-mRNA and also with three different sequences in U2 snRNA. It has been postulated that this U6-U2 snRNA complex plays a direct catalytic role in splicing (Madhani & Guthrie, 1992) . The ability of U6 snRNA to undergo these interactions is blocked by the influenza virus nonstructural protein 1 (NS1 protein), which binds to a specific stem-bulge in U6 snRNA and inhibits the formation of U4/U6 and U2/U6 complexes (Lu et al., 1994; Qiu et al., 1995) .
A small number of pre-mRNAs possess AU (or AT at the genomic level) and AC at the 59 and 39 ends of their introns, respectively (Jackson, 1991; Hall & Padgett, 1994) . The splicing of AT-AC introns proceeds via a two-step reaction analogous to the splicing pathway for the major class of GU-AG introns (Tarn & Steitz, 1996a) . However, other than U5 snRNA, a different set of snRNAs participates in the splicing reaction: U11, U12, U4atac, and U6atac instead of U1, U2, U4, and U6 (Hall & Padgett, 1996; Nilsen, 1996; Tarn & Steitz, 1996a , 1996b . The sequence conservation between U6atac snRNA and human U6 snRNA is less than that between human and yeast U6 snRNAs (Brow & Guthrie, 1988; Tarn & Steitz, 1996a) . Based on computer-generated RNA structures, it is likely that U6atac snRNA lacks a stem-bulge structure similar to the one in U6 snRNA to which the influenza virus NS1 protein binds (Qiu et al., 1995; Tarn & Steitz, 1996b) .
We were therefore surprised to find that the NS1 protein inhibits AT-AC splicing in vitro by specifically binding to only U6atac snRNA among the five minor class snRNAs. The NS1 protein binds to the stembulge near the 39 end of U6atac snRNA, a region that had not been implicated in its interactions with either U4atac snRNA or U12 snRNA (Tarn & Steitz, 1996b) . However, we show that the binding of the NS1 protein to this region of U6atac snRNA inhibits the formation of U12/U6atac complexes, whereas this binding has little or no effect on the formation of U4atac/U6atac complexes.
RESULTS

Influenza virus NS1 protein inhibits AT-AC splicing in vitro
One of the AT-AC pre-mRNAs is specified by the human P120 gene, which codes for a proliferationassociated nucleolar protein. As shown previously (Tarn & Steitz, 1996a) , HeLa cell nuclear extracts catalyze the splicing of P120 pre-mRNA in vitro (Fig. 1A ). This splicing is apparent only when the splicing of the major class of GU-AG pre-mRNAs is suppressed by the addition of a 29-O-methyl oligoribonucleotide complementary to nt 27-49 of U2 snRNA (Fig. 1A, lane 2) .
Verification that the minor, and not the major, class of spliceosomes was catalyzing this splicing was shown by supplementing the reactions with a second 29-Omethyl oligoribonucleotide complementary to either the major U6 snRNA (Fig. 1A, lane 3) or the minor U12 snRNA (Fig. 1A, lane 4) . The latter, but not the former, oligoribonucleotide inhibited splicing.
The addition of increasing amounts of a fusion protein containing GST linked to the NS1 protein of influenza A virus effectively inhibited P120 splicing (Fig. 1B, lanes 2-4) . In the presence of 0.5 mM GST-NS1 protein, the spliced mRNA product was reduced by approximately 90% and, when the GST-NS1 protein concentration was increased to 1.5 mM, the spliced mRNA product was not detectable. This inhibition requires the RNA-binding domain of the NS1 protein, because P120 splicing was not inhibited in the presence of 1.5 mM of a GST-NS1 fusion protein in which the NS1 protein (NS1 RM) contains a point mutation in its RNA-binding domain (Fig. 1B , lane 5). In fact, the RNA-binding domain of the NS1 protein alone was sufficient for the inhibition of P120 splicing: 1.0 mM of the RNA-binding domain consisting of the N-terminal 73 amino acids of the NS1 pro-FIGURE 1. The NS1 protein of influenza A virus inhibits the splicing of P120 pre-mRNA in vitro. A:
32 P-labeled P120 pre-mRNA was incubated for 2 h at 30°C with HeLa cell nuclear extract under splicing conditions as described in Materials and Methods in the absence (lane 1) or the presence (lanes 2-4) of the U2b 29-O-methyl oligoribonucleotide. Where indicated, the reactions were supplemented with a 29-O-methyl oligoribonucleotide complementary to either a U6 snRNA (lane 3) or a U12 snRNA sequence (lane 4) (Tarn & Steitz, 1996a) . RNA products were analyzed by denaturing gel electrophoresis. Positions of the pre-mRNA and spliced products, which had been established previously (Tarn & Steitz, 1996a) , are indicated. B:
32 P-labeled P120 pre-mRNA was incubated for 2 h at 30°C with HeLa cell nuclear extract under splicing conditions in the absence (lane 1) or the presence of the indicated concentration of the GST-NS1 fusion protein (lanes 2-4), GST-NS1RM (lane 5), or the NS1(1-73) polypeptide (lane 6). U2b oligoribonucleotide was present in all reactions.
tein [NS1(1-73)] effectively inhibited splicing (Fig. 1B, lane 6 ).
NS1 protein specifically binds to the highly divergent U6 snRNA counterpart, U6atac snRNA, among the five minor class snRNAs
As an initial approach to determining whether the NS1 protein binds to specific RNAs in the minor class spliceosomes, a splicing reaction containing the GST-NS1 protein and labeled P120 pre-mRNA was incubated for 2 h at 30°C, and the reaction mixture was then subjected to selection on protein A agarose beads containing anti-NS1 antibody. If the GST-NS1 protein had associated with spliceosomes or spliceosome precursors, then this antibody selection should yield the premRNA and the snRNAs that participate in splicing. As shown in Figure 2A (lane 4), the P120 pre-mRNA was indeed selected by the NS1 antibody. In addition, as detected using Northern blot analysis, the five snRNAs that participate in AT-AC splicing were also selected by the NS1 antibody (Fig. 2B, lane 4) . In contrast, the P120 pre-mRNA was not selected when the GST-NS1 protein was not added to the splicing reaction ( Fig. 2A , lane 2), nor when the NS1 protein containing a mutation in its RNA-binding domain (GST-NS1RM protein) was added to the splicing reaction ( Fig. 2A, lane 3) . Under these conditions, no snRNAs were selected by the NS1 antibody (Fig. 2B, lanes 2 and 3) . These results indicate that the RNA-binding domain of the NS1 protein binds to one or more RNAs that are associated with spliceosomes or spliceosome precursors.
To verify this conclusion, a control reaction was performed in which spliceosome formation was eliminated by omitting ATP from the splicing reaction ( Fig. 2A,B , lanes 5). Under these conditions, selection by the NS1 antibody did not yield either the P120 pre-mRNA or snRNAs. Thus, the binding of the NS1 protein to one or more RNAs requires the formation of spliceosomes or spliceosome precursors. A similar result was obtained for the binding of the NS1 protein to the major class U6 snRNA: this binding also requires the formation of spliceosomes (Lu et al., 1994) .
The most likely RNA target of the NS1 protein in the minor class spliceosomes is a minor class snRNA that is associated with the spliceosomes. As a first approach, we employed the strategy that initially identified U6 snRNA as the target of the NS1 protein on the major spliceosomes: when nuclear extracts were heat inactivated (65°C for 5 min) to inactivate splicing factors prior to the splicing reaction, U6 snRNA was the only major class snRNA that was rendered accessible to the NS1 protein in the absence of spliceosome formation (Lu et al., 1994) . In heat-inactivated extracts, selection by the NS1 antibody (Fig. 2C ) yielded a single minor snRNA, U6atac snRNA, in a reaction containing the NS1 protein (Fig. 2c, lane 2) , whereas no detectable snRNAs were selected in a reaction containing the NS1 protein with a mutation in its RNAbinding domain (Fig. 2C, lane 1) . No P120 pre-mRNA was selected under either condition (data not shown), verifying that spliceosome formation did not occur. Thus, the NS1 protein binds specifically to U6atac snRNA in heat-inactivated nuclear extracts in the absence of spliceosome formation.
To verify that U6atac snRNA is the RNA target, we determined whether the NS1 protein bound to each of the minor class snRNAs in vitro. Purified NS1 protein (cleaved from the GST-NS1 fusion protein) was incubated at 4°C with each of the labeled minor class snRNAs in the presence of a large excess of unlabeled tRNA, and the formation of labeled RNA-protein complexes was assayed by native gel electrophoresis (Fig. 3A) . The NS1 protein did not form complexes with U11 (Fig. 3A , lanes 1 and 2), U12 (Fig. 3A , lanes 3 and 4), or U4atac snRNA (Fig. 3A , lanes 5 and 6). Previous experiments showed that U5 snRNA, which functions in both the major and minor spliceosomes, does not bind to the NS1 protein (Qiu et al., 1995) . In contrast, the NS1 protein did form a lower-mobility complex with U6atac snRNA (Fig. 3A , lanes 7 and 8).
The only other snRNA that has been found to bind to the NS1 protein is the major class human U6 snRNA (Fig. 3A , lanes 9 and 10) (Qiu et al., 1995) . Not even yeast U6 snRNA binds to the NS1 protein (Fig. 3A , lanes 11 and 12).
The binding of U6atac snRNA to the NS1 protein increased as the concentration of the protein was increased ( Fig. 3B , lanes 2-5). However, it was necessary to use about a 5-10-fold higher concentration of the NS1 protein to obtain U6atac snRNA binding comparable to that obtained with U6 snRNA (Qiu et al., 1995) , suggesting that the affinity of the NS1 protein for U6 snRNA is about 5-10-fold higher than that for U6atac snRNA. Nonetheless, U6 and U6atac snRNAs most likely share the same binding site on the NS1 protein. Thus, as found previously for U6 snRNA (Qiu et al., 1995) , an NS1 protein containing a point mutation in its RNA-binding domain (NS1 RM protein) did not bind to U6atac snRNA (Fig. 3B, lane 6 ). In addition, U6 and U6atac snRNAs competed with each other for binding to the NS1 protein (Fig. 3C) . However, the concentration of U6 snRNA that displaced U6atac snRNA was 5-10-fold lower than the concentration of U6atac needed to displace U6 snRNA (Fig. 3C , compare lanes 8-10 to lanes 3-5). This also suggests that the affinity of the NS1 protein for U6 snRNA is about 5-10-fold higher than that for U6atac snRNA.
Identification of the NS1 protein binding site in U6atac snRNA
We used chemical modification/interference assays to identify the NS1 protein binding site in U6atac snRNA (Peattie, 1979; Qiu et al., 1995; Wang & Krug, 1996) . U6atac snRNA was either labeled with 32 P at its 59 end and treated with diethylpyrocarbonate (DEPC) to modify predominantly A residues, or was labeled with 32 P at its 39 end and treated with 50% hydrazine/50% H 2 O to modify predominantly U residues (and to a lesser extent C residues). The modified U6atac snRNA was incubated with the NS1 protein under standard binding conditions, and the bound and free U6atac snRNAs were separated by native gel electrophoresis. The two RNA samples were recovered from the gel and cleaved with aniline. The cleaved products were analyzed by denaturing gel electrophoresis (Fig. 4A) . By comparing the cleavage patterns of the free and bound U6atac 32 P-labeled P120 pre-mRNA was incubated for 2 h at 30°C with the HeLa cell nuclear extract under splicing conditions (U2b oligoribonucleotide present) in the absence of the NS1 protein (lane 2), in the presence of 1.5 mM GST-NS1RM protein (lane 3), or in the presence of 1.5 mM GST-NS1 protein (lanes 4 and 5). ATP and the ATP-generating system were omitted from the splicing reaction of lane 5. After incubation, the mixtures were subject to antibody selection. Lane 1, same splicing reaction as lane 2 (no NS1 protein) prior to antibody selection. In A, the RNA was extracted from the selected material and electrophoresed on a 5% denaturing gel. In B, the RNAs were separated on a 7% denaturing gel and electrotransferred onto a nylon membrane. The membrane was probed with digoxigenin-labeled probes specific to U11, U12, U4atac, U5, and U6atac snRNAs. The identities of the individual snRNA bands were verified by using individual riboprobe in separate assays. C: The HeLa cell nuclear extract was inactivated by preheating at 65°C for 5 min before its addition to the splicing reactions containing either GST-NS1RM or GST-NS1 protein. Antibody selection and Northern blot assays were performed as described in B.
snRNAs, interference was observed on both sides of the stem-bulge at the 39 end of the U6atac snRNA. At the 59 side of this stem-bulge, strong interference occurred at nt 82-85 (UUAA) and at nt 95 (A); at the 39 side of this stem-bulge, strong interference occurred at nt 113 and 114 (AA), and less strong interference occurred at nt 105 (U), 109 (A), 110 (U), and 112 (U) [as well as possible interference at nucleotide 111 (C)]. The interference at 101 (U) was not reproducible. No interference was observed in other regions of the molecule. The results are summarized in the proposed structure for U6atac snRNA (Tarn & Steitz, 1996b) (Fig. 4B) . We conclude that the NS1 protein binds to the stem-bulge region near the 39 end of U6atac snRNA, although interference was observed at not all of the A and U nucleotides in this stem-bulge (see Discussion).
Binding of the NS1 protein to U6atac snRNA inhibits the formation of U12/U6atac snRNA complexes and of functional spliceosomes It was unexpected that the NS1 protein, which inhibits splicing, specifically binds to the 39 stem-bulge of U6atac sRNA, because this region in U6atac snRNA had not been implicated previously in any interactions with other snRNAs during splicing (Tarn & Steitz, 1996b) . We determined whether the binding of the NS1 protein to this region of U6atac snRNA affected the formation of U4atac/U6atac and U12/U6atac snRNA complexes during in vitro splicing, using the psoralen crosslinking assay previously described by others (Tarn & Steitz, 1996b) . Unlabeled P120 pre-mRNA was incubated for 60 min under splicing conditions in either the absence or the presence of 1.5 mM GST-NS1 pro- 32 P-labeled U6atac snRNA (10,000 cpm, 1 pmol) was incubated with the indicated concentrations of the NS1 protein (lanes 2-5), or the NS1RM protein (lane 6), and the RNA-protein complexes were separated from free RNA by nondenaturing gel electrophoresis. Lane 1, U6atac alone. C: U6 and U6atac snRNAs compete for binding to the NS1 protein.
32 P-labeled U6 snRNA (1 pmol) (lanes 3-5) or U6atac snRNA (1 pmol) (lanes 8-10) was mixed with the indicated increasing amounts of unlabeled U6atac snRNA or U6 snRNA, respectively, followed by the addition of 0.8 mM NS1 protein. Lanes 1 and 6, U6 snRNA and U6atac snRNA, respectively, in the absence of the NS1 protein and the competitor RNA. Lanes 2 and 7, U6 snRNA and U6atac snRNA, respectively, incubated with the NS1 protein in the absence of the competitor RNA. After incubation, the mixtures were subject to nondenaturing gel electrophoresis.
tein, and the reaction mixtures were irradiated on ice in the presence of AMT psoralen. The RNAs extracted from these mixtures were resolved by electrophoresis on a denaturing gel. Northern blot analysis using a digoxigenin-labeled RNA probe complementary to U6atac snRNA detected two slowly migrating species containing U6atac (Fig. 5A,B, lanes 1) . The more slowly migrating of these RNA species, which was present in the absence of either ATP or the P120 pre-mRNA (Fig. 5B, lanes 2 and 3) , was shown to be the complex of U4atac/U6atac: RNase H digestion in the presence of a U4atac-specific oligodeoxynucleotide selectively removed this RNA species (Fig. 5B, lane 4) . The other RNA species, which is not present in the absence of either ATP or the P120 pre-mRNA (Fig. 5B, lane 4) , is the U12/U6atac complex: RNase H digestion in the presence of a U12-specific oligodeoxynucleotide selectively removed this species (Fig. 5B, lane 5) . The NS1 protein inhibited the formation of only one of these two U6 snRNA-containing complexes. Thus, in the presence of 1.5 mM GST-NS1 protein, the formation of U12/ U6atac complexes was reduced approximately 90%, whereas no effect on the formation of U4atac/U6atac complexes was evident (Fig. 5A, compare lanes 1  and 2) .
The pathway for assembly of AT-AC spliceosomes (splicing complexes) is similar to that of the spliceosomes formed on the major class of GU-AG premRNAs (Tarn & Steitz, 1996a) . Figure 6 (lanes 1-4) shows the analysis by native gel electrophoresis of the splicing complexes formed at various time points during the splicing of P120 pre-mRNA. The splicing complexes with the lowest mobility, called the C complexes, have been shown to contain not only P120 pre-mRNA, but also splicing intermediates and spliced products, and hence have been considered to be the catalytically active form of splicing complexes, or spliceosomes (Tarn & Steitz, 1996a) . In contrast, the B splicing complexes, which have greater gel mobility than C complexes, contain only unspliced P120 pre-mRNA (Tarn & Steitz, 1996a) . We compared this spliceosome formation in the absence of the NS1 protein to that in the presence of 1.5 mM GST-NS1 protein, the same concentration used in the psoralen crosslinking experiment. During the first 60 min of the splicing reaction, the assembly of the B splicing complexes in the presence of the NS1 protein was slower than that in the absence of the NS1 protein (Fig. 6, compare lanes 5-8 to lanes 1-4) . Nonetheless, at 60 min, a significant amount of the B complex was formed in the presence of the NS1 protein FIGURE 4. Chemical modification/interference assays map the NS1 protein binding site to the stem-bulge near the 39 end of U6atac snRNA. A: U6atac snRNA was 32 P-end-labeled as described in Materials and Methods, and its A residues were modified by DEPC, or its U residues were modified by 50% hydrazine/50% H 2 O. The modified RNAs were incubated with the NS1 protein. The free (F) and protein-bound (B) RNA, separated by nondenaturing gel electrophoresis, were cleaved at modification sites by treatment with aniline. Cleavage products were analyzed by denaturing gel electrophoresis. **, Strong interference. *, Weak interference. B: Modification/interference data are summarized in the postulated U6atac snRNA structure (Tarn & Steitz, 1996b) . (Fig. 6, compare lanes 3 and 7) . These B complexes most likely comprise the spliceosome precursors with which the NS1 protein is associated (Fig. 2) . However, after 60 min, no detectable increase in the formation of B splicing complexes occurred in the presence of the NS1 protein, and the formation of C complexes was not detected (Fig. 6, lane 8) . In contrast, in the absence of the NS1 protein, C complexes were formed (Fig. 6,  lane 4) . The lack of conversion of B splicing complexes to C splicing complexes in the presence of the NS1 protein is consistent with the block in the formation of U6atac/U12 snRNA complexes.
DISCUSSION
Of the snRNAs that function in the formation and activities of the major and minor mammalian spliceosomes, only two -U6 snRNA and U6atac snRNAhave been found to bind to the influenza virus NS1 protein. Thus, this protein specifically targets the two snRNAs that serve analogous functions in the two different spliceosomes. This specific targeting is remarkable in that these two snRNAs have highly divergent sequences (Tarn & Steitz, 1996b) . In particular, the 39 halves of these two snRNAs, where the NS1 protein binds, show very little sequence similarity. As shown in the present study, the NS1 protein binds to a stembulge near the 39 end of U6atac snRNA. The sequence of this stem-bulge differs significantly from the sequence of the stem-bulge to which it binds in U6 snRNA (Qiu et al., 1995; present study) . The U6 snRNA bulge contains four nucleotides, all purines, whereas the U6atac snRNA bulge contains eight nucleotides, only half of which are purines. Nonetheless, it can be presumed that the U6 and U6atac stem-bulges share some common structural features that enable these two RNA sequences to bind to the NS1 protein. In contrast to U6atac snRNA, yeast U6 snRNA, which has more sequence homology with human U6 snRNA than does U6atac (Brow & Guthrie, 1988) , fails to bind to the NS1 protein, indicating that yeast U6 snRNA lacks a stembulge with the common structural features presumed to be shared by U6atac and human U6 snRNAs.
Not only does the NS1 protein bind to specific stembulges in U6 and U6atac snRNAs (Qiu & Krug, 1994; Lu et al., 1995; present study) , but it also binds to two other RNAs: poly(A) and double-stranded RNA (Qiu & Krug, 1994; Lu et al., 1995) . Both mutational analysis of the protein and RNA competition experiments suggest that all four of these RNAs most likely share the FIGURE 5. The NS1 protein inhibits the formation of U12/U6atac, but not U4atac/U6atac, complexes. A: Unlabeled P120 pre-mRNA (0.1 pmol) was incubated under standard splicing conditions (U2b oligoribonucleotide present) for 60 min in the absence (lane 1) or presence (lane 2) of the NS1 protein (1.5 mM). After AMT psoralen treatment and UV irradiation, the RNA was subjected to denaturing gel electrophoresis, followed by northern blotting using a digoxigenin-labeled anti-U6atac RNA as probe. B: Determination of the identities of the crosslinked RNAs. Splicing reactions were performed as described above. Where indicated, ATP and the ATP-generating system (lane 2) or P120 substrate (lane 3) were omitted from the splicing reaction. After psoralen crosslinking, the RNAs of lanes 4 and 5 were incubated at 37°C for 30 min with RNase H and deoxyoligonucleotides complementary to the U4atac 63-82 or U12 1-16 sequences, respectively. Northern blot analysis was performed as described above.
same, or similar, binding sites on the protein (Qiu & Krug, 1994; Lu et al., 1995; Qiu et al., 1995; present study) . The NS1 protein functions as a dimer when it binds to these RNAs, and the dimerization and RNAbinding domains of the protein appear to be coincident . Clearly, structural studies of NS1-RNA complexes are needed to obtain a definitive picture of how the NS1 protein dimer binds to its several RNA targets. As the first step in such an analysis, both NMR and X-ray crystallography have shown that the dimeric NS1 RNA-binding domain in the absence of RNA adopts a novel six-helical chain fold that has the potential for several modes of interaction with RNA Liu et al., 1997) .
Although the U6atac and U6 snRNAs most likely bind to similar sites on the NS1 protein, our results indicate that U6atac snRNA binds with 5-10-fold lower affinity than human U6 snRNA. Consequently, the structures of the U6atac and human U6 stem-bulges probably differ. This difference may be reflected in the chemical modification/interference results obtained with the two RNAs. With U6 snRNA, strong interference was observed at essentially every nucleotide in the stem-bulge (Qiu et al., 1995) , whereas, with U6atac snRNA, interference was observed at only a subset of the A and U nucleotides in the stem-bulge (present study). Perhaps this indicates that the NS1 protein is in close contact with all the nucleotides in the stem-bulge of human U6 snRNA, but with only a subset of the nucleotides in the stem-bulge of U6atac snRNA. Structural studies of the complexes between the NS1 protein and its RNA targets should resolve this issue.
As shown in the present study, the NS1 protein at concentrations of 0.5-1.5 mM completely inhibits AT-AC pre-mRNA splicing. At these concentrations, it is likely that all the U6 snRNA in the nuclear extract is bound to the NS1 protein (Qiu et al., 1995) . Therefore, it is also likely that all the U6atac snRNA in the nuclear extract is bound to the NS1 protein: although the NS1 protein has a lower affinity for U6atac snRNA than for U6 snRNA (present study), U6atac snRNA is present in much lower amounts than U6 snRNA (Tarn & Steitz, 1996b) . In fact, in nuclear splicing extracts, the binding of the NS1 protein to either U6 snRNA or U6atac snRNA is detected only when spliceosome formation occurs (Lu et al., 1994 ; present study), indicating that this snRNA binding site is accessible only when U6 or U6atac snRNA is undergoing its interactions with other snRNAs and the pre-mRNA substrate during the splicing reaction. In contrast, in nuclear extracts that had been preheated at 65°C to inactivate splicing factors, U6 and U6atac snRNAs are rendered accessible to the NS1 protein in the absence of spliceosome formation (Lu et al., 1994; present study) . In such preheated extracts, U6 and U6atac snRNAs are the only snRNAs that bind to the NS1 protein, demonstrating the specificity of the NS1 protein for these two snRNAs.
The NS1 protein does not affect the interactions of U6 and U6atac snRNAs with other spliceosomal snRNAs in exactly the same way. In the major spliceosome system, the NS1 protein inhibits the formation of both U4/U6 and U2/U6 complexes (Qiu et al., 1995) . The formation of U4/U6 complexes is inhibited even though the NS1 protein binding site on U6 snRNA does not include the region of U6 snRNA that base pairs with U4 snRNA. However, this binding site does include the 39-terminal region of U6 snRNA that has been shown to be important for the RNA transitions that are required for the formation of U4/U6 complexes (Wolff & Bindereif, 1993) . In contrast, the NS1 protein has little or no effect on the formation of U4atac/ U6atac complexes in the minor spliceosome system, as shown in the present study. The NS1 protein binding site on U6atac snRNA does not include the region of U6atac snRNA that base pairs with U4atac snRNA (Tarn & Steitz, 1996b) , and our results indicate that this region of U6atac snRNA has no significant role during the process of formation of U4atac/U6atac complexes.
In the major spliceosome system, the NS1 protein inhibits the formation of U2/U6 complexes (Qiu et al., 1995) , most likely because the NS1 protein binding site on U6 snRNA includes the U6 nucleotides that form one of the helices, helix II, with U2 snRNA (Nilsen, 1994; Sharp, 1994; Qiu et al., 1995) . The NS1 protein also inhibits the formation of the comparable complexes in the minor AT-AC spliceosome system, i.e., U12/U6atac complexes. This inhibition most likely results in the observed lack of conversion of B splicing complexes to functional C spliceosomes. The block in FIGURE 6. The NS1 protein blocks the formation of C spliceosome complexes.
32 P-labeled P120 pre-mRNA was incubated at 30°C with HeLa cell nuclear extract under splicing conditions. At the indicated times, 5-mL aliquots of the reaction were treated with heparin, and then analyzed by electrophoresis on a 3.75% native polyacrylamide gel. The B and C spliceosome complexes are described in the text, and the A and H complexes were previously characterized by Tarn and Steitz (1996a) . the formation of U12/U6atac complexes occurs even though the NS1 protein binding site on U6atac snRNA has not been implicated in any interaction with U12 snRNA (Tarn & Steitz, 1996b) . Two interactions of U6atac snRNA with U12 snRNA that have been demonstrated or postulated involve the first 50 nt at the 59 end of U6atac. Our results suggest the possibility that a sequence in the 39 two-thirds of U6atac snRNA participates in an additional interaction with U12 snRNA.
The NS1 protein of influenza A virus is a unique posttranscriptional regulator that has several activities: it inhibits the nuclear export of poly(A)-containing spliced mRNAs (Alonso-Caplen et al., 1992; Fortes et al., 1994; Qian et al., 1994; Qiu & Krug, 1994) ; it binds to double-stranded RNA (dsRNA), thereby blocking the inhibition of translation caused by dsRNA activation of the dsRNA-activated protein kinase (Hatada & Fukuda, 1992; Lu et al., 1995) ; and it inhibits premRNA splicing, both that catalyzed by the major (GU-AG introns) spliceosomes (Fortes et al., 1994; Lu et al., 1994; Qiu et al., 1995) and that catalyzed by the minor (AT-AC introns) spliceosomes (present study). The demonstration of a specific NS1 protein-U6 snRNA interaction in infected cells suggests that inhibition of pre-mRNA splicing by the NS1 protein does, in fact, occur in infected cells (Lu et al., 1994) . However, in contrast to the other functions of the NS1 protein, the role that the NS1 protein-mediated inhibition of premRNA splicing plays in infected cells has not yet been established. It is likely that all known pre-mRNA splicing systems would be inhibited in infected cells, but it is currently not clear how this would benefit virus gene expression, particularly in light of the fact that a fraction (about 10%) of two viral mRNAs, the NS1 and M1 mRNAs, also undergoes splicing (Krug et al., 1989; Shih et al., 1995) . Consequently, some mechanism has to operate to allow the incomplete splicing of these two viral mRNAs to occur at the appropriate times of infection. One of the major challenges will be to elucidate how the inhibition of pre-mRNA splicing by the NS1 protein serves an important role in influenza virus gene expression.
MATERIALS AND METHODS
In vitro splicing
The pSP64 plasmid containing the P120 gene (provided by Joan Steitz) was linearized with Hind III and transcribed by T7 RNA polymerase in the presence of m7GpppG and [a-32P] GTP. The conditions for the splicing reactions were essentially as described previously (Lu et al., 1994) , except that the HeLa cell nuclear extract (10 mL) was preincubated with 1.2 mM U2b 29-O-methyl oligoribonucleotide (complementary to nt 27-49 of U2 snRNA), plus, where indicated, another 29-O-methyl oligoribonucleotide (1.2 mM) under splicing conditions for 15 min at 30°C. The labeled P120 pre-mRNA (25,000 cpm, approximately 10 fmol) was then added. Where indicated, the GST-NS1 protein, GST-NS1RM protein, or the NS1(1-73) polypeptide was added. The mixtures, in a final volume of 25 mL, were incubated for 2 h at 30°C unless otherwise indicated. The reactions were stopped by the addition of pronase followed by phenol extraction and ethanol precipitation. The RNAs were analyzed by electrophoresis on 5% denaturing polyacrylamide gels.
Immunoprecipitation of spliceosomes containing the NS1 protein
The volumes of the splicing reactions were increased to 35 mL. Where indicated, ATP and the ATP-generating system (creatine phosphate and creatine phosphokinase) were omitted. After incubation at 30°C for 2 h, the splicing reaction was diluted with 200 mL Ipp 150 buffer (Hamm et al., 1987) containing 150 mM NaCl and 0.1% NP-40. This mixture was added to protein A-agarose beads, which had been equilibrated with Ipp 150 buffer and anti-NS1 antiserum, and incubated on a rotor for 90 min at 4°C. The beads were then washed three times with Ipp 150 buffer and one time with Ipp 325 buffer containing 325 mM NaCl. RNA was extracted from the selected material and was analyzed by electrophoresis on denaturing polyacrylamide gels. The P120 premRNAs were detected by autoradiography. For detection of snRNAs, the RNAs were transferred by electroblotting onto a nylon membrane for 16 h at a constant current of 150 mA at 4°C. The membrane was then hybridized to digoxigeninlabeled RNA probes complementary to U11, U12, U4atac, U5, and U6atac snRNAs. The snRNAs were detected by chemiluminescence.
RNA-binding assays
The GST-NS1 fusion protein was purified, and the NS1 protein was cleaved from this fusion as described previously (Qiu & Krug, 1994) . Where indicated, the NS1 protein with a mutation in its RNA-binding domain (RM, i.e., mutant 2 of Qian et al., 1994) was used. The purity of all proteins was established by gel electrophoresis followed by Coomassie blue staining. The N-terminal fragment of the NS1 protein [NS1(1-73)], which possesses the RNA-binding activity of the full-length protein, was purified as described previously . The pT3T7 U12, pGEM3Z-U4atac, and pGEM3Z-U6atac plasmids were kindly provided by Joan Steitz (Tarn & Steitz, 1996b) . The psp64 U11 and the pEP6 yeast U6 plasmids were kindly provided by Mark McNally (Gontarek et al., 1993) and Christine Guthrie (Brow & Guthrie, 1988) , respectively. All DNAs encoding U snRNA sequences were PCR-amplified using primers that resulted in a Hind III site at the 59 end and a BamH I site at the 39 end. These sequences were then cloned into the pGEM1 vector, linearized by BamH I, and transcribed by SP6 RNA polymerase in the presence of [a- 32 P] UTP. The RNA-binding assays were performed essentially as described previously (Wang & Krug, 1996) . The indicated concentration of cleaved NS1 protein was incubated with the labeled transcript (10,000 cpm, 1 pmol) on ice for 30 min in 20-mL reactions containing 50 mM Tris-HCl, pH 8.8, 50 mM glycine, 8% glycerol, 2.5 mM dithiothreitol, 2.5 mg/mL Escherichia coli tRNA, and 2 units/mL RNasin. The protein-RNA complexes were resolved from free RNA on a 6% nondenaturing polyacrylamide gel as described previously (Wang & Krug, 1996) .
Chemical modification/interference analysis
For AϾ ϾG modification, U6atac snRNA was 59 end-labeled with [g-32 P]ATP and treated with DEPC as described previously (Qiu et al., 1995) . For UϾC modification, U6atac snRNA was 39 end-labeled with [ 32 P]pCp and treated with 50% hydrazine/50% H 2 O (Peattie, 1979) . The modified U6atac (500,000 cpm, 10 pmol) was incubated with 10 mM NS1 protein in a 50-mL binding reaction. After nondenaturing gel electrophoresis, the free and bound U6atac snRNAs were recovered from the gel and subjected to aniline cleavage. Cleavage products were analyzed by denaturing gel electrophoresis (Wang & Krug, 1996) .
Psoralen crosslinking and spliceosome assays
Unlabeled P120 pre-mRNA (approximately 0.1 pmol) was incubated with the HeLa cell nuclear extract in a splicing reaction as described above. After a 60-min incubation at 30°C, 20 mg/mL AMT (49-aminomethyl-4, 59, 8-trimethyl) psoralen was added, followed by UV irradiation at 365 nm for 15 min on ice (Qiu et al., 1995) . The mixtures were treated with pronase at 37°C for 30 min. The RNAs were then extracted and subjected to electrophoresis on a 5% denaturing polyacrylamide gel. The separated RNAs were transferred by electroblotting onto a nylon membrane for 16 h at a constant current of 150 mA at 4°C. The membrane was then hybridized to a digoxigenin-labeled RNA probe complementary to U6atac snRNA, and the labeled RNA bands were detected by chemiluminescence. Spliceosome assays were performed essentially as described previously (Konarska, 1989; Qiu et al., 1995) . The splicing reaction was terminated by the addition of 0.25 mg/mL heparin to 5 mL of the splicing reaction at the indicated time points. The mixtures were kept on ice for 30 min and were then subjected to electrophoresis on a 3.75% nondenaturing polyacrylamide gel for 4 h at 250 V at room temperature.
